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1.1. Direct diode lasers for laser cutting of metal sheets  
7KH LQWHUHVWRI XVLQJDirect Diode Lasers ''/V DV DQDOWHUQDWLYH WRPRUH HVWDEOLVKHG WHFKQRORJLHV IRU ODVHU
SURFHVVLQJRIPHWDOVKHHWVOD\VSULPDULO\LQWKHLQFUHDVHGZDOOSOXJHIILFLHQF\KLJKHUFRPSDFWQHVVDQGORZHUSULFH
SHU:DWWWKDWWKHVHV\VWHPVFDQRIIHU7KHH[LVWHQFHRIGLIIHUHQWZDYHOHQJWKVGHSHQGLQJRQWKHW\SHRIGLRGHVXVHG
RU WKHSRVVLELOLW\RIKDYLQJD IXOO\SRODUL]HGKLJKSRZHU ODVHUEHDPRXWSXW DUHRWKHU LPSRUWDQW FKDUDFWHULVWLFV ,I
H[SORUHG FRUUHFWO\ WKH\ PD\ SOD\ DQ LPSRUWDQW UROH LQ WKH IXWXUH RI WKLV WHFKQRORJ\ IRU PDWHULDO SURFHVVLQJ LQ

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JHQHUDO,QUHFHQW\HDUVZHKDYHVHHQDJURZLQJLQWHUHVWIURPLQGXVWU\LQWKLVW\SHVRIODVHUVDQGWKHDSSOLFDWLRQDUHD
LVQRZH[SDQGLQJWRZDUGVWKHLUXVHLQODVHUFXWWLQJRQHRIWKHPRVWGHPDQGLQJPDWHULDOSURFHVVHVLQWHUPVRIEHDP
TXDOLW\ 5HVHDUFK LV FORVHO\ IROORZLQJ WKLV WUHQG 2Q RQH KDQG GHYHORSPHQWV LQ RSWLFV DQG EHDP FRPELQLQJ
WHFKQLTXHVDOORZHGFRQVLGHUDEOHLPSURYHPHQWVLQEHDPTXDOLW\IRUFRQYHQWLRQDOGLRGHODVHUV=HGLNHUHWDO
.|KOHUHWDO$ILUVWDVVHVVPHQWRIWKHFXWWLQJSHUIRUPDQFHRIVXFKLPSURYHG''/VZKHQFRPSDULQJZLWK
FRQYHQWLRQDO ODVHUV IRU FXWWLQJ &2 DQG ILEHU ZDV SHUIRUPHG E\ &RVWD 5RGULJXHV HW DO E )XUWKHU
H[SHULPHQWDO UHVXOWVZLWK DQ RYHUYLHZRQ WKH WKHRUHWLFDO EHQHILWV LQ WHUPVRI DEVRUSWLRQZHUH GHVFULEHG ODWHU LQ
&RVWD5RGULJXHV D7KHVH UHVXOWV KDYHPDLQO\ VKRZQ WKDW LQGXVWULDO UHOHYDQW FXWWLQJ VSHHGV DW DFFHSWDEOH
FXWWLQJTXDOLW\DUHSRVVLEOHZLWKVXFKODVHUV2QWKHRWKHUKDQGPRUHDPELWLRXVRSWLFDOFRQFHSWVDUHDOVRHPHUJLQJ
LQRUGHUWRIXUWKHULQFUHDVHWKHEHDPTXDOLW\HYHQWKRXJKIRUQRZLQGHWULPHQWRIWKHILQDOFRVW+XDQJHWDO
+HLQHPDQQ HW DO 7KHVH FRQFHSWV KDYH UHFHQWO\ RSHQHG DZLQGRZRI RSSRUWXQLW\ LQ ODVHU FXWWLQJ RI KLJK
UHIOHFWLYHPDWHULDOVVXFKDVFRSSHUDQGEUDVVDQGILUVWH[SHULPHQWDOUHVXOWVZHUHVHHQLQWKHZRUNRI3UHYLWDOLHWDO

1.2. Polarization in laser cutting 
$VUHVXOWRIWKHJHRPHWULFGHVLJQRIWKHODVHUFDYLW\PRVWKLJKSRZHU&2ODVHUVRXUFHVDUHRULJLQDOO\OLQHDUO\
SRODUL]HG ,Q WKLV FRQGLWLRQ WKH FXWWLQJ LV GHSHQGHQW RQ WKH FXW GLUHFWLRQ DQG NQRZQ WR SRVLWLYHO\ LQIOXHQFH WKH
FXWWLQJVSHHGLQWKHGLUHFWLRQRISRODUL]DWLRQ3RZHOO1HYHUWKHOHVVDSKDVHUHWDUGHUPLUURULVW\SLFDOO\XVHG
WR REWDLQ FLUFXODU SRODUL]DWLRQ D[LV\PPHWULF E\ QDWXUH WR DYRLG WKLV GHSHQGHQFH DQG REWDLQ KRPRJHQHRXV FXWV
1L]LHYHWDODQG1HVWHURYHWDOILUVWQRWLFHGWKHSRWHQWLDORIXVLQJWKHSRODUL]DWLRQLQEHQHILWRIWKH
FXWSURFHVVZKHQWKH\PRGHOHGWKHHIIHFWRIVHYHUDOSRODUL]DWLRQVWUDWHJLHVRQFXWWLQJHIILFLHQF\7KH\SRLQWHGRXW
UDGLDOSRODUL]DWLRQDOVRD[LV\PPHWULFDVWKHPRVWLQWHUHVWLQJSRODUL]DWLRQVWDWHIRUFXWWLQJZLWKDPZDYHOHQJWK
ODVHU,WZDVSUHGLFWHGWREHXSWRWRWLPHVPRUHHIILFLHQWLQWHUPVRIDFKLHYDEOHFXWWLQJVSHHGWKDQFRPPRQO\
XVHGFLUFXODUSRODUL]HGODVHUV7KHVHSUHGLFWLRQVZHUHRQO\H[SHULPHQWDOO\SURYHQFRUUHFWVRPH\HDUVODWHUE\$EGRX
$KPHGHWDODVWKH\EHFDPHFDSDEOHRIJHQHUDWLQJDKLJKSRZHUUDGLDOSRODUL]HG&2ODVHUEHDPXVLQJDQ
LQWUDFDYLW\ UHVRQDQW JUDQWLQJ PLUURU 7KH VDPH UHVHDUFK JURXS KDV DOVR LQYHVWHG LQ REWDLQLQJ D UDGLDO SRODUL]HG
RXWSXW IURP  P UDGLDWLRQ :HEHU HW DO  LQ WKLV FDVH D KLJK SRZHU GLVN ODVHU XVLQJ DQ H[WUDFDYLW\
SRODUL]DWLRQ FRQYHUVLRQPHFKDQLVP 7KH LQSXW ODVHU LV UHTXLUHG WR EH OLQHDUO\ SRODUL]HG DQG WKXV D ILUVW VWHS WR
SRODUL]HWKHODVHUWKDWW\SLFDOO\ZDVWHVDFRQVLGHUDEOHDPRXQWRISRZHULVQHHGHG(YHQZLWKRXWDQHIILFLHQWZD\WR
REWDLQKLJKSRZHUODVHUVZLWKDUDGLDOSRODUL]DWLRQRXWSXWUHVHDUFKKDVEHHQGHGLFDWHGWRZDUGVLWIRUPUDGLDWLRQ
DQG VKRZQ D SRVVLEOH LQFUHDVH LQ HGJH TXDOLW\ DQG SURFHVV VSHHG +LUDQR HW DO  0RUH UHFHQWO\ QHZ
LQYHVWLJDWLRQVRQFXWWLQJZLWKSRODUL]HG''/VKDYHVKRZQWKDWDQRSWLPL]HGSRODUL]DWLRQVWUDWHJ\PD\FRQVLGHUDEO\
LPSURYHFXWWLQJHIILFLHQF\ZLWKXSWRGLIIHUHQFHLQFXWWLQJVSHHGIRUIXVLRQFXWWLQJ&RVWD5RGULJXHV
7KLV SDSHU EXLOGV RQSUHYLRXV VWXGLHV IURP WKH DXWKRUVRQSRODUL]DWLRQ FRQWUROZLWKGLUHFW GLRGH ODVHUV &RVWD
5RGULJXHV  DQG ORRNV WR D QXPEHU RI SRODUL]DWLRQ VWUDWHJLHV DQG WKHLU LQIOXHQFH RQ ODVHU FXWWLQJ RIPHWDO
VKHHWV)LJVKRZVWKHDEVRUSWLRQJUDSKRIPUDGLDWLRQRQVWHHODQGDVFKHPDWLFUHSUHVHQWDWLRQRIWKHH[SHFWHG
DEVRUSWLRQIRUWKHGLIIHUHQWSRODUL]DWLRQVWUDWHJLHVGLVFXVVHGLQWKLVSDSHU7KHVHDVVXPSWLRQVZLOOEHODWHUGLVFXVVHG
LQWKHFRQFOXVLRQVHFWLRQRIWKLVSDSHU/DVHUFXWWLQJZLWKDUHDFWLYHJDVIODPHFXWWLQJZLOOEHH[SORUHGIXUWKHUE\
LQWURGXFLQJFXWWLQJUHVXOWVZLWKDOLQHDUO\SRODUL]HGVWUDWHJ\$FRQVLGHUDEOHLPSURYHPHQWLQFXWWLQJVSHHGLVYLVLEOH
LQ FRPSDULVRQ ZLWK SUHYLRXV FXWWLQJ UHVXOWV ZLWK DQ DSSUR[LPDWHO\ D]LPXWKDO DQG UDGLDO SRODUL]DWLRQ VWUDWHJLHV
)XUWKHUPRUHIXVLRQFXWWLQJH[SHULPHQWVDUHHQKDQFHGE\DGGLQJQHZH[SHULPHQWDOUHVXOWVDQGDUHGLVFXVVHG7KLV
LQFOXGHVGLIIHUHQWSRODUL]DWLRQVWUDWHJLHVFRPELQHGZLWK WZR W\SHVRIPDWHULDOVQDPHO\VWDLQOHVV VWHHOV W\SH/
DQG/
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'HVFULSWLRQRIWHVWVHWXSDQGH[SHULPHQWV
2.1. Test setup 
7KH H[SHULPHQWV GHVFULEHG EHORZZHUH FDUULHG RXW XVLQJ WZR''/ VRXUFHVZLWK DQ RXWSXW SRZHU RI :
LQVWDOOHGLQDQH[SHULPHQWDOJDQWU\SODWIRUPWKDWDOORZVDQLQGHSHQGHQWFRQWURORIFRPPRQFXWWLQJSDUDPHWHUVVXFK
DVIRFDOSRLQWSRVLWLRQVWDQGRIGLVWDQFHQR]]OHRSHQLQJJDVVHOHFWLRQDQGJDVSUHVVXUH7KHSRODUL]DWLRQVWUDWHJLHV
GHVFULEHG LQ7DEOHZHUHREWDLQHGXVLQJGLIIHUHQWFRPELQDWLRQVRIRSWLFVDQGRSWLFDOGHVLJQV&URVVSRODUL]DWLRQ
&LVW\SLFDOO\WKHRXWSXWRIDFRQYHQWLRQDOKLJKSRZHUGLRGHODVHU,QWKLVFDVHSRODUL]DWLRQFRXSOLQJLVXVHGDVRQH
RI WKH FRPELQLQJ WHFKQLTXHV WR VFDOHXS WKH SRZHUZKLOHPDLQWDLQLQJEHDPTXDOLW\ ,Q RUGHU WRREWDLQ D OLQHDUO\
SRODUL]HGRXWSXWZLWKWKHVDPHSRZHUDQGEHDPTXDOLW\ZDYHOHQJWKFRXSOLQJFDQEHXVHGLQVWHDG7KLVWHFKQLTXH
SURGXFHVD ODVHUEHDPZLWKPRUH WKDQRQHZDYHOHQJWK%RWK UDGLDO 5DQGD]LPXWKDO $ VWUDWHJLHVDUHREWDLQHG
IURPWKHOLQHDUO\SRODUL]HGODVHUVRXUFH,QWKLVFDVHDEHDPFRQYHUWHUFRPSRVHGRIDFRPELQDWLRQRIVHJPHQWVRI
EHDP UHWDUGHUV LV XVHG LQRUGHU WR ORFDOO\ URWDWH WKHSRODUL]DWLRQRI WKH ODVHU EHDP)RXU VHJPHQWVZHUHXVHG WR
DSSUR[LPDWH WKHVHSRODUL]DWLRQVWDWHVGHILQLQJD WRWDORI IRXUD[HVRI V\PPHWU\ ,W LV LPSRUWDQW WRQRWLFH WKDW WKH
EHDPTXDOLW\REWDLQHGIRUWKH&PRGXOHLVVOLJKWO\EHWWHUWKDQWKHRQHREWDLQHGIRUWKHRWKHUWKUHHVHWXSV7KLVLV
PDLQO\DWWULEXWHGWRGLIIHUHQWGLRGHEDUVDQGRSWLFDOFRPSRQHQWVXVHGLQWKHWZR''/VRXUFHV
2.2. Flame cutting experiments 
7KHVHWHVWVZHUHSHUIRUPHGIRUWKH/SRODUL]DWLRQVWUDWHJ\LQWKHH[DFWVDPHFRQGLWLRQVDVWKHWHVWVGHVFULEHGLQ
&RVWD5RGULJXHVZKHUH5DQG$VWUDWHJLHVZHUHWHVWHG2[\JHQDWSXULW\2[\JHQZDVXVHG
WRFXWPPWKLFN6VWUXFWXUDOVWHHO7KHPDWHULDOFRPSRVLWLRQLVJLYHQLQ7DEOH$VWDQGRIGLVWDQFHRIPP
DQGDFRQLFDOQR]]OHZLWKDQRSHQLQJGLDPHWHURIPPZHUHVHOHFWHG)LYH IRFDOSRLQWSRVLWLRQVDQG WKUHHJDV
SUHVVXUHOHYHOVZHUHXVHGORZSUHVVXUHEDUPHGLXPSUHVVXUHEDUDQGKLJKSUHVVXUHEDULQRUGHUWR
FRQWURO WKHHQHUJ\ LQSXW WR WKHSURFHVV&XWWLQJVSHHGVWHSVRIPPPLQZHUHXVHGIRUHDFKH[SHULPHQW IURP
WRPPPLQ
2.3. Fusion cutting experiments 
,QWKHVHH[SHULPHQWVWKH/SRODUL]DWLRQVWUDWHJ\LVFRPSDUHGZLWKWKHFXWWLQJUHVXOWVREWDLQHGZLWKERWK5DQG
$ SRODUL]DWLRQ VWUDWHJLHV LQ &RVWD 5RGULJXHV  7KH FXWWLQJ WHVWV DUH LQWHQGHG QRW RQO\ WR XQGHUVWDQG WKH
HIIHFWVRIGLIIHUHQWSRODUL]DWLRQVWUDWHJLHVIRUDQLQHUWJDVSURFHVVEXWDOVRWRDWWHVWWKHSRVVLEOHFRPELQHGLQIOXHQFH
ZLWKGLIIHUHQWW\SHVRIVWDLQOHVVVWHHOV)RUWKDWSXUSRVH1LWURJHQZLWKDSXULW\RIZDVXVHGWRFXW
)LJ6FKHPDWLFUHSUHVHQWDWLRQRIWKHSRVLWLRQRIWKHVWXGLHGSRODUL]DWLRQVWUDWHJLHVRQDODVHUDEVRUSWLRQJUDSKLQIXQFWLRQRILQFOLQDWLRQDQJOH
'DWDJDWKHUHGIURPWKHPRGHOGHVFULEHGLQ&RVWD5RGULJXHVHWDOD&RVWD5RGULJXHVHWDO
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PPWKLFNVWDLQOHVVVWHHOVKHHWVRIERWK/DQG/W\SHVPDWHULDOFRPSRVLWLRQVHH7DEOH(DFKWHVWFRQVLVWV
RI FXWWLQJ D OLQH ZLWK JUDGXDOO\ LQFUHDVLQJ FXWWLQJ VSHHG WLOO IDLOXUH )RU WKH SHUIRUPHG VHW RI WHVWV WKH IDLOXUH
FRQGLWLRQZDV FOHDU DQG FRUUHVSRQGHG WR DQ LQFRPSOHWH FXW WKURXJKZLWKPROWHQPDWHULDO HPHUJLQJ IURP WKH WRS
VXUIDFH7KHVSHHGLVLQFUHDVHGLQVWHSVRIPPPLQ*DVMHWSDUDPHWHUVZHUHNHSWFRQVWDQWDWDVHPLRSWLPL]HG
OHYHOVWDQGRIGLVWDQFHRIPPQR]]OHRSHQLQJRIPPDQGJDVSUHVVXUHRIEDU
7DEOH)XOOGHVFULSWLRQRISRODUL]DWLRQVWUDWHJLHV
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ϭ ŵĞĂƐƵƌĞŵĞŶƚƐƉĞƌĨŽƌŵĞĚǁŝƚŚϮŶĚŵŽŵĞŶƚĂůŐŽƌŝƚŚŵĂĐĐŽƌĚŝŶŐƚŽ/^Kϭϭϭϰϲ

7DEOH0DWHULDOFRPSRVLWLRQRIWKHPHWDOVKHHWVXVHGLQWKHH[SHULPHQWV
^ƚĞĞů й DŶй Wй ^й ^ŝй &Ğй    
^ϯϱϱϭ Ϭ͘Ϯϯ ϭ͘ϲϬ Ϭ͘Ϭϱ Ϭ͘Ϭϱ Ϭ͘Ϭϱ ĂůĂŶĐĞ    
^ƚĂŝŶůĞƐƐ й DŶй Wй ^й ^ŝй ƌй Eŝй DŽй Eй &Ğй
ϯϬϰ>ϭ Ϭ͘Ϭϯ Ϯ͘ϬϬ Ϭ͘Ϭϰϱ Ϭ͘Ϭϯ Ϭ͘ϳϱ ϭϴ͘ϬϬͲϮϬ͘ϬϬ ϴ͘ϬͲϭϮ͘Ϭ Ͳ Ϭ͘ϭ ĂůĂŶĐĞ
ϯϭϲ>ϭ Ϭ͘Ϭϯ Ϯ͘ϬϬ Ϭ͘Ϭϰϱ Ϭ͘Ϭϯ Ϭ͘ϳϱ ϭϲ͘ϬϬͲϭϴ͘ϬϬ
ϭϬ͘ϬϬͲ
ϭϰ͘ϬϬ
Ϯ͘ϬϬͲ
ϯ͘ϬϬ Ϭ͘ϭ ĂůĂŶĐĞ
ϭdǇƉŝĐĂůĐŽŵƉŽƐŝƚŝŽŶĨƌŽŵƐƵƉƉůŝĞƌĐĂƚĂůŽŐƵĞƐ
5HVXOWVDQGGLVFXVVLRQ
3.1. Flame cutting experiments 
7KHUHVXOWVRIWKHIODPHFXWWLQJH[SHULPHQWDUHGHSLFWHGLQ7DEOH5HJDUGLQJWKHIRFDOSRLQWSRVLWLRQLWLVFOHDU
WKDWZKHQSRVLWLRQHGDWWKHWRSVXUIDFHOHIWFROXPQLQWKHWDEOHGHHSVWULDWLRQVDUHIRUPHGLQGHSHQGHQWO\RIJDV
SUHVVXUHRUVSHHG$WDORZHUSRVLWLRQWKHVWULDWLRQVEHFDPHOHVVGHHSDQGWKHHGJHTXDOLW\LPSURYHVFRQVLGHUDEO\
:KHQWKHIRFDOSRLQWLVSRVLWLRQHGHYHQORZHUFORVHWRWKHERWWRPDQH[FHVVLYHZDYLQHVVRIWKHERWWRPSDUWRIWKH
HGJHVXUIDFHLVYLVLEOHVXJJHVWLQJWKHH[LVWHQFHRIDGLIIHUHQWPHFKDQLVPGXULQJWKHFXWWLQJSURFHVV7KLVSDWWHUQLV
VLPLODUWRZKDWLVREVHUYHGIRUERWK5DQG$SRODUL]DWLRQLQSUHYLRXVUHVHDUFK&RVWD5RGULJXHV7KHHIIHFW
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RISUHVVXUHDQGWKHREVHUYHGPD[LPXPDFKLHYDEOHFXWWLQJVSHHGDUHGLIIHUHQWWKRXJK7KHFRORUFRGHVXVHGLQWKH
ORZHUSDUWRIWKHWDEOHIRUWKHH[SHULPHQWDOUHVXOWVGRFXPHQWWKHTXDOLWDWLYHDVVHVVPHQWRIWKHFXWWLQJUHVXOWV7KH
EHVW FXWWLQJ FRQGLWLRQ LV FRQVLGHUHG IRU D FRPELQDWLRQ RI KLJK VSHHG DQG DQ DFFHSWDEOH HGJH TXDOLW\ ZKLFK LV
FKDUDFWHUL]HG E\ D UHODWLYHO\ VPRRWK HGJH DQG QR DWWDFKHG GURVV ,Q WKH SUHVHQW FDVH D FRQGLWLRQ WKDW DOORZV D
PD[LPXPFXWWLQJVSHHGRIPPPLQDQGDQDFFHSWDEOHHGJHTXDOLW\ZDVIRXQGDQGLVPDUNHGE\WKHEODFNER[
LQ WKLV WDEOH )RU D VLPLODU HGJH TXDOLW\ WKLV FRUUHVSRQGV WR D  KLJKHU FXWWLQJ VSHHG ZKHQ FRPSDUHG WR D
PD[LPXPRIPPPLQDFKLHYHGZLWKWKH5VWUDWHJ\2WKHULPSRUWDQWDVSHFWLVWKHIDFWWKDWWKHFXWWLQJSURFHVV
VHHPVWREHOHVVVWDEOHUHJDUGLQJWKHJDVSUHVVXUHOHYHOV:HVHHWKDWFRQVLGHUDEO\PRUHH[SHULPHQWVIDLOHGIRUWKH
ZKROHUDQJHRIVSHHGVIRUWKH/VWUDWHJ\7KLVFRXOGEHUHODWHGWRVWURQJDV\PPHWULHVEHWZHHQWKHDEVRUEHGODVHULQ
WKHFXWIURQWDQGRQWKHFXWVLGHV2WKHUDVSHFWZRUWKQRWLFLQJLVWKHIDFWWKDWH[FHVVLYHEXUQLQJRIWKHHGJHVZDVQRW
VHHQLQWKH/VWUDWHJ\H[SHULPHQWV7KLVZDVFKDUDFWHUL]HGE\PXFKGHJUDGHGFXWHGJHVGXHWRH[FHVVLYHHQHUJ\LQ
WKHSURFHVV7KLVRFFXUUHGPDLQO\DWORZFXWWLQJVSHHGVDQGKLJKHUJDVSUHVVXUHV
3.2. Fusion cutting experiments 
7KHUHVXOWVRIWKHVHH[SHULPHQWVDUHVXPPDUL]HGLQ)LJ,WLVLPSRUWDQWWRQRWLFHWKDWQRFOHDUUHODWLRQVHHPVWR
H[LVW EHWZHHQ WKH FXWWLQJ VSHHG DQG WKH DPRXQW RI GURVV DWWDFKHG ,Q WKLV FDVH WKH RSWLPDO FRQGLWLRQ UHJDUGLQJ
FXWWLQJVSHHGLVVHOHFWHGWREHLQWKHFORVHVWVXFFHVVIXOFXWLQWHUYDOEHIRUHIDLOXUH7KHVHPD[LPXPFXWWLQJVSHHGV
DUHJLYHQLQ)LJDIRUWKHGLIIHUHQWFRPELQDWLRQVRIIRFDOSRLQWPDWHULDODQGSRODUL]DWLRQVWUDWHJ\XVHG7KHGURVV
IRUPHGKRZHYHUVHHPVWREHGHSHQGHQWPDLQO\RQWKHIRFDOSRLQWSRVLWLRQ7KUHHFODVVHVRIFXWFRXOGEHFOHDUO\
GHILQHG&ODVV,IRUQRYLVLEOHGURVVDWWDFKHGRUWKHSUHVHQFHRIVPDOOJUDLQVRIPROWHQPDWHULDORQO\&ODVV,,DVWKH
DPRXQWRIJUDLQVLVWRRKLJKDQGRUVPDOOGURVVLVIRUPHGDQG&ODVV,,,ZKHQKHDY\GURVVUHPDLQVDWWDFKHG)LJE
F DQG G DUH UHSUHVHQWDWLYH RI WKHVH FRQGLWLRQV :H VHH WKDW WKH KLJKHVW PD[LPXP FXWWLQJ VSHHGV IRU HDFK
SRODUL]DWLRQ VWUDWHJ\ DUH QRW FRLQFLGHQW ZLWK WKH EHVW FXWWLQJ TXDOLW\ HGJHV DQG DUH REWDLQHGZKHQ WKH IRFXV LV
SRVLWLRQHGQHDUWKHFHQWHURIWKHVKHHW7KHPD[LPXPFXWWLQJVSHHGVDFKLHYHGZLWKWKH/VWUDWHJ\DUHWKHKLJKHVW
IRU WKH ZKROH UDQJH RI IRFXV SRVLWLRQV FRQVLGHUHG $V H[SHFWHG ZLWK WKH $ VWUDWHJ\ WKH FXWWLQJ VSHHGV DUH
FRQVLGHUDEO\ORZHUHVSHFLDOO\LQDUHJLRQRI&ODVV,DQG&ODVV,,ZKHUHWKHIRFDOSRLQWLVSRVLWLRQHGFORVHUWRWKH
ERWWRP,QWKHFODVV,,,UHJLRQWKLVGLIIHUHQFHEHFRPHVOHVVVLJQLILFDQWDQGWKHVSHHGVDUHVLPLODUWRWKH5VWUDWHJ\
7KHFXUYHIRUWKH&VWUDWHJ\LVJLYHQKHUHRQO\DVUHIHUHQFHVLQFHWKHVHFXWWLQJWHVWVZHUHSHUIRUPHGRQD/
VKHHW IURP D GLIIHUHQWPDQXIDFWXUHU 1HYHUWKHOHVV DV H[SHFWHG IURP WKH LQLWLDO DVVXPSWLRQV IURP WKH DEVRUSWLRQ
FXUYHVLWLVSRVVLEOHWRVHHWKDWWKLVFXUYHLVSRVLWLRQHGLQEHWZHHQWKH$DQG5VWUDWHJLHVLQWKH&ODVV,UHJLRQ
7KH VLJQLILFDQWGHFUHDVH LQFXWWLQJ VSHHG IRU WKH& VWUDWHJ\DW DKLJKHU IRFXVSRVLWLRQPD\EH UHODWHG WRD VOLJKW
GLIIHUHQWPDWHULDO FRPSRVLWLRQ DQG WR WKH UHODWLYHO\ GLIIHUHQW EHDP JHRPHWU\ LQ FRPSDULVRQZLWK WKH RWKHU WKUHH
VWUDWHJLHV
,PSRUWDQW WR QRWLFH LV WKH IDFW WKDW WKH WUHQGV REVHUYHG IRU WKH PD[LPXP FXWWLQJ VSHHGV ZLWK WKH VWXGLHG
SRODUL]DWLRQVWUDWHJLHVVHHPWREHVLPLODUIRUERWKWKH/DQG/PDWHULDOV,QDOOWKUHHFDVHVWKH/FXUYH
FRQVLVWHQWO\VKRZVDKLJKHUFXWWLQJVSHHG1HYHUWKHOHVVWKLVUHODWLYHO\VWHDG\VKLIWPD\EHH[SODLQHGZLWKDFORVHU
ORRN WR WKHPDWHULDOSURSHUWLHV7KH/ W\SHRI VWDLQOHVV VWHHOKDV W\SLFDOO\D ORZHUPHOWLQJSRLQW LQ WKH UDQJH
EHWZHHQ&DQG&ZKHQFRPSDUHGWRWKH/W\SHZLWKDUDQJHEHWZHHQ&DQG&ZKLFK
LVGLUHFWO\OLQNHGWRWKHGLIIHUHQWPDWHULDOFRPSRVLWLRQ3HFNQHUHWDO$VRWKHUSURSHUWLHVVXFKDVVSHFLILF
KHDW FRQGXFWLRQ RU GHQVLW\ GR QRW FKDQJH VLJQLILFDQWO\ 3HFNQHU ZHPD\ FRQVLGHU WKDW WKH H[WUD HQHUJ\
QHHGHGGXULQJWKHFXWWLQJSURFHVVGXHWRWKHKLJKHUPHOWLQJSRLQWLVWKHSUREDEOHFDXVHRIDORZHUFXWWLQJVSHHGIRU
WKH/VDPSOHV
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7DEOH)ODPHFXWWLQJH[SHULPHQWVZLWKDOLQHDUO\SRODUL]HGEHDPRXWSXWDQGFRPSDULVRQRISURFHVVZLQGRZZLWKDUDGLDOO\SRODUL]HGRXWSXW
&ŽĐƵƐ΀ŵŵ΁ Ϭ Ͳϭ ͲϮ Ͳϯ Ͳϰ
WƌĞƐƐƵƌĞ΀ďĂƌ΁ Ϭ͘ϱ ϭ ϭ͘ϱ Ϭ͘ϱ ϭ ϭ͘ϱ Ϭ͘ϱ ϭ ϭ͘ϱ Ϭ͘ϱ ϭ ϭ͘ϱ Ϭ͘ϱ ϭ ϭ͘ϱ
^ϭͲϭϰϬϬ
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   
^ϮͲϭϲϬϬ
΀ŵŵͬŵŝŶ΁
    
^ϯͲϭϴϬϬ
΀ŵŵͬŵŝŶ΁
 
^ϰͲϮϬϬϬ
΀ŵŵͬŵŝŶ΁
 
^ϱͲϮϮϬϬ
΀ŵŵͬŵŝŶ΁
    
^ϲͲϮϰϬϬ
΀ŵŵͬŵŝŶ΁
  
^ϳͲϮϲϬϬ
΀ŵŵͬŵŝŶ΁
    
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  
  
  
  
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  
  
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  
  
  
  

^Ϯ
^ϯ
^ϰ
^ϱ
^ϲ
^ϳ
ZĂĚŝĂů
^ϭ
  
  

  
  

  
  

  
  

  
  

^Ϯ
^ϯ
^ϰ
^ϱ
 ƵƚƚŚƌŽƵŐŚǁŝƚŚĞǆĐĞƐƐŝǀĞďƵƌŶŝŶŐŽĨƚŚĞĞĚŐĞƐ
 ƵƚƚŚƌŽƵŐŚǁŝƚŚŽƵƚƐŝŐŶŝĨŝĐĂŶƚ
ďƵƌŶŝŶŐĚĞĨĞĐƚƐ
 EŽĐƵƚƚŚƌŽƵŐŚŽƌŚĞĂǀǇĚƌŽƐƐ
ĂƚƚĂĐŚĞĚ

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Ͳϯ͘ϱŵŵ
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ĐͿ
ůĂƐƐ//
ͲϮŵŵ
ϭϭϬϬ
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ĚͿ
ůĂƐƐ///
Ͳϭ͘ϱŵŵ
ϭϭϬϬ
ŵŵͬŵŝŶ
ZͲ
)LJ5HVXOWVIRUWKHIXVLRQFXWWLQJH[SHULPHQWVDPD[LPXPDFKLHYDEOHFXWWLQJVSHHGVIRUGLIIHUHQWIRFDOSRLQWSRVLWLRQVPDWHULDOVDQG
SRODUL]DWLRQVWUDWHJLHVEFDQGGFXWWLQJHGJHSLFWXUHVUHSUHVHQWDWLYHRIWKHDPRXQWRIGURVVLQHDFKTXDOLW\FODVV
&RQFOXVLRQV
7KH UHVXOWV SUHVHQWHG LQ WKLV SDSHU DUH XOWLPDWHO\ GHPRQVWUDWLQJ WKH SRWHQWLDO RI DQ RSWLPL]HG SRODUL]DWLRQ
VWUDWHJ\ IRU LQFUHDVLQJSHUIRUPDQFHRI FXWWLQJZLWK''/V%RWK IODPHDQG IXVLRQFXWWLQJSURFHVVHVFRXOGJUHDWO\
LPSURYH IURP LW HYHQ WKRXJK WR D GLIIHUHQW H[WHQW ,Q JHQHUDO LW FDQ EH REVHUYHG WKDW IODPH FXWWLQJZLWK DQ/
VWUDWHJ\ FRXOG EH XS WR  IDVWHU WKDQ ERWK$ DQG5 VWUDWHJLHV2Q WKH RWKHU KDQGZLWKRXW WKH H[WUD HQHUJ\
SURYLGHGE\WKHH[RWKHUPLFUHDFWLRQGXHWRWKHR[\JHQDVVLVWJDVWKLVUHODWLYHGLIIHUHQFHLQFUHDVHG+HUHZHDOVR
VDZDFOHDUGLIIHUHQFHEHWZHHQ$DQG5VWUDWHJLHVZLWK WKHEHVWSHUIRUPDQFHREWDLQHGIRU WKH ODWWHUDV LQLWLDOO\
SUHGLFWHGE\DQDO\WLFDOO\FDOFXODWHGDEVRUSWLRQFXUYHV1HYHUWKHOHVVWKHPD[LPXPFXWWLQJVSHHGVZHUHRQFHDJDLQ
REVHUYHGIRUWKH/VWUDWHJ\XSWRKLJKHUGHSHQGLQJRQFXWWLQJFRQGLWLRQV
3UDFWLFDOO\LWLVLPSRUWDQWWRQRWLFHWKDWWKH/VWUDWHJ\LVQRWD[LVV\PPHWULFDQGWKDWWKH$DQG5VWUDWHJLHVDUH
MXVWDSSUR[LPDWLRQVRIUHDOD]LPXWKDODQGUDGLDOSRODUL]HGODVHUEHDPV7KHSULQFLSOHXVHGIRU WKHEHDPFRQYHUWHU
UHOLHVRQDWRWDORIIRXUSRODUL]HGGLYLVLRQVZLWKLQWKHODVHUEHDPFURVVVHFWLRQ:LWKDQLQFUHDVHRIWKHQXPEHURI
VXFKGLYLVLRQVLWZRXOGEHH[SHFWHGWKDWWKHSHUIRUPDQFHREWDLQHGE\WKH5VWUDWHJ\ZRXOGDOVRLQFUHDVHJHWWLQJ
FORVHUWRZKDWREVHUYHGIRUWKH/VWUDWHJ\$VZHORRNEDFNWRWKHDEVRUSWLRQJUDSKVLQ)LJDQGFRPELQHLWZLWK
WKH FXWWLQJ UHVXOWV SUHVHQWHG KHUH WKLV LGHD EHFRPHV FOHDU 7KLVZRXOG KRZHYHU LQFUHDVH WKH FRPSOH[LW\ RI WKH
EHDPFRQYHUWHU$GLIIHUHQWRSWLRQZRXOGEHWKHXVHRIDQLQGH[LQJODVHUKHDGFDSDEOHRIJXLGLQJWKHSRODUL]DWLRQRI
WKH/VWUDWHJ\(YHQWXDOO\DWUDGHRIIEHWZHHQLQFUHDVLQJFXWWLQJSHUIRUPDQFHFRPSOH[LW\RIWKHEHDPFRQYHUWHURU
GHVLJQLQJDQLQGH[LQJKHDGFRQFHSWZRXOGQHHGWREHFRQVLGHUHG
5HIHUHQFHV
$EGRX$KPHG0-6FKXO]$9RVV23DUULDX[-&3RPPLHUDQG7*UDI5DGLDOO\SRODUL]HGN:EHDPIURPD&2ODVHUZLWKDQ
LQWUDFDYLW\UHVRQDQWJUDWLQJPLUURU2SWLFV/HWWHUV
&RVWD5RGULJXHV*DQG-5'XIORX,QWRSRODUL]DWLRQFRQWUROLQODVHUFXWWLQJZLWKGLUHFWGLRGHODVHUV-/DVHU$SSO
&RVWD5RGULJXHV*-3HQFLQRYVN\0&X\SHUVDQG-5'XIORXD7KHRUHWLFDODQGH[SHULPHQWDODVSHFWVRI ODVHUFXWWLQJZLWKDGLUHFW
GLRGHODVHU2SWLFVDQG/DVHUVLQ(QJLQHHULQJ
&RVWD 5RGULJXHV * + 9DQKRYH DQG - 5 'XIORX E 'LUHFW GLRGH ODVHUV IRU LQGXVWULDO ODVHU FXWWLQJ D SHUIRUPDQFH FRPSDULVRQ ZLWK
FRQYHQWLRQDOILEHUDQG&2WHFKQRORJLHVWK,QWHUQDWLRQDO&RQIHUHQFHRQ3KRWRQLF7HFKQRORJLHV/$1()UWK*HUPDQ\(OVHYLHU%9
+HLQHPDQQ6+)ULWVFKH%.UXVFKNH76FKPLGWDQG:*ULHV&RPSDFWKLJKEULJKWQHVVGLRGHODVHUHPLWWLQJ:IURPDP
)LEHU6SHFWUDO%HDP&RPELQHG6RXUFHV
+LUDQR.DQG5)DEEUR3RVVLEOHH[SODQDWLRQVIRUGLIIHUHQWVXUIDFHTXDOLW\LQODVHUFXWWLQJZLWKDQGȝPEHDPV-RXUQDORI/DVHU
$SSOLFDWLRQV
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